Numerous loads require the installation of load transformers for electrical isolation or voltage matching. When these loads are powered by a single-phase on-line UPS system, a high magnitude of transient inrush current is often observed due to the energizing of the load transformer. In this paper, we propose a novel single-phase on-line UPS system that eliminates the generation of inrush current while powering multiple load transformers. The performance of the proposed single-phase UPS system is endorsed by our experimental results obtained using a small laboratory-sized prototype.
Introduction
An uninterruptible power supply (UPS) system is an essential equipment for sensitive load applications to maintain the power during outages and meet under and over utility voltage conditions [1, 2] . Based on their configuration and operating principle, UPS systems are categorized into three major types: 1) offline, 2) line-interactive, and 3) on-line [3, 4] . Compared to the other types, an on-line UPS is more commonly used in extremely sensitive load applications because of its greater reliability and higher output power quality. However, this type of the UPS system has a severe problem when powering multiple load transformers. Because sensitive load applications frequently involve the installation of load transformers before the sensitive load for electrical isolation or voltage matching, a large amount of inrush current is often observed as the load is switched-on. The generation of this transient inrush current is caused by the energizing of the load transformer installed before the sensitive load. However, the magnitude of the inrush current could range from 2-6 times the rated output current, depending on factors such as the switching instant and the magnetic properties of the load transformer. The consequences of the inrush current could be the activation of over-current protecting devices of the UPS system and the impairment of the sensitive load. Several load-transformer inrush-current mitigation techniques have been proposed, such as installing resistors and reactors for the load transformer to be switched-on. However, that technique increases the overall size of the system because large distribution panels are required to accommodate the needed resistors, reactors, and electro-mechanical switches [3] . Another method is to gradually increase the output voltage of the UPS system. But that can disturb a load transformer that is already on-line [4] . Actively regulating the transformer flux is the most recently adopted technique. However, it involves complex control algorithms [2, 3, 4, 5, 6, 7, 8] .
In this paper, we propose a single-phase on-line UPS system that eliminates the generation of inrush current while powering multiple load transformers using a control scheme consists of two control loops: 1) an outer voltage control loop to regulate the load voltage, and 2) an inner current control loop to control the output current of the UPS system. This control scheme is implemented in stationary frame. We validate the performance of our proposed system through experimental results obtained using a small prototype during a number of switching instants for the load transformer.
Basic working principle
The working principles of the conventional and proposed single-phase on-line UPS systems are discussed below:
2.1 Conventional single-phase on-line UPS system for multiple load transformers A typical single-phase on-line UPS system powering two loads is shown in Fig. 1 . In the figure, Load1 is in operation, i.e., on-line, and Load2 is off-line. At a particular moment as (t ¼ t Load2 ), Load2 is switched on and connected to the output of the single-phase on-line UPS system through a circuit breaker. An inrush transient current that typically appears as the transformer is energized can be observed as Load2 is switched on. It is caused due to the energizing of load transformer2 which is installed before Load2. The magnitude of this transient inrush current depends on several factors, including the parameters and switching instant of the load transformer. This inrush current can activate the over-current protection of the UPS system and cause impairment of the sensitive load. To study the performance of the conventional system, we investigated the system shown in Fig. 1 using the system parameters shown in Table I . When starting the conventional system, Load1 is on-line, and the output current of the UPS system is about 0.42 (p.u). At t ¼ t Load2 , Load2 is switched on and connected to the output of the UPS system through the provided circuit breaker. As load transformer2 is connected to the system, the output load current (I Load ) of the conventional single-phase on-line UPS system attains a peak of 1.04 (p.u), which is 0.47 (p.u) more than the rated load current of 0.57 (p.u). Fig. 2 shows the behavior of the load current during this process.
2.2
Proposed single-phase on-line UPS system for multiple load transformers Fig. 3 shows a complete diagram of our proposed single-phase on-line UPS system powering multiple load transformers. The inverter of the proposed UPS system uses an enhanced current control scheme to eliminate the inrush current phenomenon. This control scheme involves of two loops and is implemented in stationary frame of reference, as shown in Fig. 3 . A detailed discussion regarding the designing aspects of the implemented current controller is provided in [9, 10]. In the employed control scheme, the outer voltage control loop controls the output voltage of the UPS system and generates a reference signal to the inner current control loop. This enables the current control loop to operate under flexible loading conditions without the risk of any inrush transient current.
The transfer function of the proposed system is: where V Load ðsÞ is the controlled load voltage, I Ã Load ðsÞ is the reference load current, G cc ðsÞ is the transfer function of the PI current controller, G p ðsÞ is the plant transfer function, G cv ðsÞ is the transfer function of the PI voltage controllers, ZðsÞ is the load impedance, V Ã Load ðsÞ is the rated load voltage, and V DC is the forward gain of the amplifier used for the PWM modulator [9, 10]. An average-value model for the inverter of the proposed system is shown in Fig. 4 . Here, the sampling and transport delays are modeled using an e ÀsTd time delay block integrated in series with the PI current controller. The inner current control loop has fast dynamics. However, the dynamics of the outer voltage control loop are comparatively slow. This makes the design of the controller simple and easy to implement. To compare the conventional and proposed single-phase on-line UPS systems, we investigated the proposed system during loading and transient conditions similar to those described in section 2.1. Fig. 5 shows the behavior of the load current using the proposed system. As seen from the figure, the load current increases sinusoidally, consistent with the ratings of Load2 and attains a steady-state value of 0.57 (p.u), i.e., within the rated load current. Thus, it eliminates the possibility of transient inrush current at any stage. A three-phase topology of the proposed system could also be investigated. However, under those conditions, the magnitude of the inrush current would be higher than in the single-phase system because of the three-phase winding connections of the load transformers.
Experimental results
To validate the performance of the proposed single-phase on-line UPS system for multiple load transformers, we built a small prototype with the parameters given in Table II. The prototype of the proposed system consists of power components, control components, and load transformers, along with passive loads. The power compo- 266 Ω Filter Circuit L f ¼ 20 mH, and C f ¼ 0:1 µF nents i.e., inverter IGBTs from Semikon International, a DC bus bar, and a heat sink. The control components, a DSP controller 320F28335 from Texas Instruments, and ADC and DAC interfaces to integrate the DSP controller with the external hardware, are used to implement the controller of the proposed system through programming. We used two load transformers with their respective passive loads for analysis. Because the magnitude of the inrush current depends on the switching instant and magnetic properties of the load transformer, we investigated the performance of our proposed system during different switching instants for load transformer2. Figs. 6(a)-(d) show the experimental results for the system when Load2 is switched on at an angle of 60, 120, 240, and 270 deg. The experimental results show that as Load2 is switched on at t ¼ t Load2 , the magnitude of the load current increases from 1 A sinusoidally and attains a steady-state value of 1.6 A, consistent with Load2 ratings. The possibility of generating an inrush current is eliminated regardless of the switching instant of load transformer2.
Conclusions
We have proposed a single-phase on-line UPS system for powering multiple load transformers to eliminate the problem of inrush current associated with switching on of loads. An enhanced current controller implemented in stationary frame of reference was employed to regulate the load voltage and control the output load current of the UPS system as loads are switched on and off and thus eliminated the possibility of inrush current. We verified the operation of the proposed system through experimental results during different switching conditions for Load2. 
